Changes and variability of precipitation and temperature in the Ganges-Brahmaputra-Meghna River Basin based on global high-resolution reanalyses Reanalysis outputs are generated by forecast models with fluxes constrained by available gauge-and SRS-based observations, and thus are sensitive to both the observing systems and model physics. The release of several global reanal-yses over the past two decades (e.g., Kalnay et al., 1996; Onogi et al., 2005;  contribution (by 60-90%) is a result of complex interplay between the atmo-76 sphere, land, and the Indian ocean processes that takes place at various spatial-77 and temporal-scales. The pressure gradients that is formed between the south 78 and north Indian ocean leads to a cross-equatorial flow in the lower troposphere, 79 which carries enormous moisture towards the Indian sub-continent. These mon- 
97
This study examines the long-term trends and interannual variability of rain-98 fall and temperature over the GBM RB, using various existing gridded gauge-99 based datasets, and global high-resolution reanalyses over the period 1980-2013. 100 The primary objective here is to assess the quality of three global high-resolution Precipitation Analysis (TMPA, 1998 (TMPA, -2014 (Huffman et al., 2007) and (ii) Cli-mate Hazards Group InfraRed Precipitation (CHIRP, 1982 (CHIRP, -2014 Harris et al., 2013) , and Global
116
Precipitation Climatology Centre (GPCC version 6, Schneider et al., 2014) .
117
Section 2 describes the climatological characteristics of the GBM RB. In
118
Section 3, a brief review of the available rainfall and temperature datasets is 2. The Ganges-Brahmaputra-Meghna (GBM) River Basin (RB)
125
The GBM RB in South Asia is a combination of three large river basins 126 with a drainage area of about 1.7 million km 2 (FAO, 2011 these findings, APHRODITE (1979 APHRODITE ( -2007 , GPCC (1979 GPCC ( -2010 The mean annual amplitudes of monthly rainfall from gauge-based GPCCv6,
365
SRS-based TMPAv7 and CHIRP, and three reanalysis products (i.e., ERA- 
373
Note that the spatial patterns of JJAS rainfall is more localised, especially in 374 the GPCCv7 data (Fig. 5a ) indicating that SRS-based products depict a larger 375 footprint ( Fig. 5b-c amplitude in all the observed datasets ( Fig. 4a-c) . Both TMPAv7 and CHIRP
379
( [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] show similar magnitudes of annual maps as GPCCv6 (Fig. 4b-c products over the basin (Table 4) , which has been noted by Prakash et al.
398 Figure 6 shows the spatial variability of surface temperature over the GBM western Bhutan (Fig. 7b-c India (Fig. 7d ) compared to GPCCv6 (Fig. 7a) , while MERRA and CFSR
446
show completely opposite signs of change over the Brahmaputra-Meghna RB
447
( Fig. 7e-f ). The magnitude of seasonal rainfall changes given in Table 5 shows and water vapour to constrain soil moisture (Dee et al., 2011) .
477
MERRA and CFSR (Fig. 8d-e The interannual variability of temperature and precipitation over the GBM The first PC (Fig. 9c) In order to examine the mechanisms for these interannual variations, the (negative) in the Ganges (Brahmaputra-Meghna) RB.
546
These correlation patterns are very weak in the reanalysis products with only 547 MERRA (and to some extent ERA-Interim) being able to capture the spatial 548 patterns ( Fig. 10e-h ). Even though PC 1 of MERRA shows positive correlation 549 over western tropical Pacific Ocean (Fig. 10e) , their magnitudes are relatively 550 closer to CRU TS3.22 than ERA-Interim (Fig. 10g-h ) and CFSR ( Fig. 10i-j) .
551
To quantify the relation between surface temperature and the remote SSTs, PC 552 2 (Fig. 9c) is correlated with Niño3.4 and DMI indices ( TMPAv7 (1998 ), GPCCv6 (1980 -2010 , and the reanalysis products .
568
The significance of the regression estimates are tested using a student's t-test (Fig. 11a) , the period of 1998-2013 saw 579 widespread reduction of rainfall in the Ganges and northern Brahmaputra RBs 580 (Fig. 11b) . However, a slight increase (∼5-10 mm/yr) in rainfall can be seen 581 over Bangladesh during the same period. The IOD mode (Fig. 11c-d 12c and g) and CFSR ( Fig. 12d and h) reasonably well by all the products.
Conclusion

605
This study examined the seasonal and interannual variability of rainfall and 606 temperature over the GBM RB using available observational gauge-, SRS-based,
607
and global high-resolution reanalysis products covering the period 1980-2013.
608
The reanalysis systems in particular, provide long time-series of climate datasets Bengal, and Meghalaya).
640
The quality of the reanalysis products are found to be relatively poor over to characterize trends and seasonality in the dataset:
where β 0 -β 5 are the coefficients of MLR for j = 1, ..., m, and ǫ are the 
(ii) Sen's slope estimation: The least squares estimation of regression co-682 efficientβ 1 is vulnerable to gross errors and sensitive to non-normality of 683 the probability distribution. Sen (1968)'s slope estimator is a common ap-684 proach for assessing trends in hydrological time-series (e.g., precipitation)
685
as it is less sensitive to outliers. In this method, the slopes (T i ) of all data pairs in time are first calculated by
where x k and x l are data values at time k and l (k > l), respectively.
688
The median values of these n values of T i is the Sen's slope (β), which is 689 calculated as:
where β can be both positive (increasing trend) or negative (decreasing 691 trend).
692
Appendix A2. Significance testing
693
The significance of linear trends estimated above should be tested by deter-694 mining whether the derived trends in rainfall and temperature are significantly 695 different from zero. Typically, the null hypothesis is H 0 : β 1 = 0 (no trend), 696 while the alternative hypothesis, H 1 : β 1 = 0 (trend). Two approaches were 697 used in this study and are briefly described below:
The Mann-Kendall test (Mann, 1945; Kendall , 699 1962) is a non-parametric approach, which searches for a trend in time-700 series without specifying whether the trend is linear or non-linear. The 701 test statistics (S) is defined as:
where n is the number of data points. Assuming (x j − x i )=θ, the value of 703 sgn(θ) is calculated as:
S represents the sum of positive and negative changes for all the data pairs 705 and for samples (n > 10), the test is conducted using a normal distribution 706 with mean, variance, and test value of: consider a time-series of rainfall anomalies (x(t)) with an estimated linear 721 trend ofβ 1 , it's residuals (ǫ(t)) can be derived as difference of observed 722 rainfall anomalies (x(t)) and those estimated from e.g., MLR model (x(t)) 723 over t = 1, 2, ..., n months:
and the standard error (S β ) ofβ 1 is defined as
where S 2 ǫ , variance of the residuals (ǫ) is given by
In order to examine whether the trend in x(t) is significantly different from 727 0, a test value is computed as a ratio between the estimated trend (β 1 )
728
and its standard error (S β ):
assuming that t β follows a t-distribution. The central idea of the PCA analysis is to find a set of orthogonal spatial pat- (X (n,m) ) on the orthogonal base-functions E (m,k) , i.e., P (n,k) = X (n,m) E (m,k) .
745
This method can be applied at various stages of the analysis in order to find 746 any meaningful links to various dynamics of the climate system using a subset 747 of PCs. and TMPAv7 (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Values that are not significant at 95% confidence level based on student's t-test are not shown. 
